Introduction {#sec1}
============

Despite the abundance of biogenic terpene-derived secondary organic aerosol (SOA) particles in the lower troposphere^[@ref1]^ and their potential cooling effects for vast forested regions of the globe,^[@ref2]−[@ref6]^ the mechanisms that lead to their growth and that drive climate-relevant cloud interactions of SOA material^[@ref4],[@ref7]−[@ref10]^ remain elusive. A current area of intense research regarding the properties of SOA particles focuses on the role of surface-active organic compounds. Indeed, we have proposed that because the SOA gas--particle interface is first to encounter gas--phase species, surface-localized molecules may significantly influence SOA particle growth as well as their propensity to serve as cloud condensation nuclei (CCN).^[@ref11]^ While many studies report the presence of numerous different organic compounds within SOA particles,^[@ref4],[@ref12],[@ref13]^ only a subset of these compounds are expected to be sufficiently surface active to reside at the aqueous particle surface. This subset, which may be composed of surface-active species having amphiphilic or surfactant-like behavior^[@ref14]−[@ref16]^ and may thus be termed an "organic surfactant pool", has been hypothesized to influence surface processes that ultimately lead to cloud activation by lowering the surface tension of cloud-forming droplets containing aerosol nuclei.

Overall changes in the surface tension caused by surface-active molecules may alter the critical supersaturation required for cloud droplet activation, thereby influencing the propensity of SOA particles to nucleate cloud droplets.^[@ref14],[@ref17]−[@ref21]^ A recent publication by Ruehl and co-workers suggests that the bulk--surface partitioning of surface-active organic compounds can result in a concentrated organic film near the gas--particle interface. This organic film can significantly reduce the surface tension and result in a larger droplet diameter before activation.^[@ref22]^ While current models have taken into account the contribution of organic species to cloud activity through the bulk solubility effect,^[@ref23]^ surface tension depression effects have largely been neglected, in part because of a lack of reliable direct dynamic surface tension measurements of relevant individual surface-active organic compounds.^[@ref11],[@ref14],[@ref22],[@ref24]^

Within this context, we decided to investigate the ozonolysis oxidation products derived from α-pinene and β-caryophyllene, which we hypothesized might exhibit higher surface activity than previously investigated isoprene derivatives^[@ref11]^ due to their more surfactant-like structures. α-Pinene is the most abundant monoterpene (i.e., C~10~) (∼50 Tg C y^--1^)^[@ref25],[@ref26]^ in the troposphere and is primarily emitted over the boreal forest ecosystems of the northern hemisphere---the largest terrestrial biome on Earth.^[@ref27],[@ref28]^ Sesquiterpenes (i.e., C~15~), of which β-caryophyllene is the most abundant^[@ref29]−[@ref45]^ (ca. 5--7 Tg y^--1^),^[@ref46],[@ref47]^ are believed to be present in lower quantities in the atmosphere (∼15 Tg C y^--1^ for sesquiterpene emissions).^[@ref34],[@ref47],[@ref26],[@ref48]^ Yet, sesquiterpenes exhibit higher reactivity toward ozone when compared to monoterpenes,^[@ref31],[@ref34],[@ref44],[@ref49]−[@ref51]^ which may lead to an underestimation of emissions detected for these precursors and therefore their resulting SOA material. Sesquiterpenes also have been shown to afford higher comparative aerosol yields than isoprene and abundant monoterpenes, and consequently may contribute significantly to SOA particle formation.^[@ref29],[@ref42],[@ref52],[@ref53]^

Motivated by field and laboratory studies reporting various proposed oxidation products derived from α-pinene and β-caryophyllene,^[@ref12],[@ref44],[@ref50],[@ref54],[@ref55]^ and given the potentially significant role that these organic species might play in various atmospheric processes, including SOA formation,^[@ref10],[@ref13],[@ref56]−[@ref58]^ we study here a series of structurally related monomeric ozonolysis products derived from β-caryophyllene and α-pinene ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The specific compounds synthesized have been proposed as constituents relevant to SOA material in field and laboratory aerosol studies^[@ref29]−[@ref45],[@ref59]−[@ref61]^ and may therefore serve as homogeneous standards to further corroborate those studies. Moreover, we present dynamic surface tension measurements of this series of compounds and provide estimations of their individual supersaturation ratios, which allow for prediction of CCN activity.

![Atmospheric oxidation products derived from α-pinene and β-caryophyllene synthesized and measured in this study.](oc-2017-00112q_0001){#fig1}

Results and Discussion {#sec2}
======================

Synthesis of α-Pinene and β-Caryophyllene Oxidation Products {#sec2.1}
------------------------------------------------------------

Experimental procedures for the preparation of all synthesized compounds studied are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf). β-Caryophyllene aldehyde (**4**) and β-nocaryophyllone aldehyde (**5**) were synthesized in an similar fashion to procedures reported by Parshintsev and co-workers.^[@ref33]^ Additionally, β-caryophyllonic acid (**6**) and β-nocaryophyllonic acid (**7**) were prepared analogously to procedures reported by van Eijck and co-workers.^[@ref36]^ Attempts to synthesize β-caryophyllinic acid (**8**) according to procedures published by the same group were unsuccessful, however. We developed an alternative approach for preparing compounds **8** and **9** that is described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf). c*is*-Pinonic acid (98%) was purchased from Sigma-Aldrich and used as received. With the exception of β-caryophyllinic acid (**8**) and β-nocaryophyllinic acid (**9**), all synthesized compounds required iterative purification using silica gel chromatagraphy until determined to be ≥95% pure by the ^1^H NMR spectroscopy prior to performing surface tension measurements. Compound-specific purification procedures are included in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf). Pinonaldehyde (**1**), pinonic acid (**2**), and pinic acid (**3**) are present as a low viscosity oil, powdery solid, and highly viscous oil, respectively. All synthetic β-caryophyllene oxidation products were isolated as highly viscous oils, with the exception of β-nocaryophyllinic acid, which was isolated as a powdery solid ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)).

In aqueous environments, aldehydes may readily react with water and thus exist in equilibrium with the hydrate or geminal diol form ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In order to monitor the potential formation of the hydrate in aqueous solutions of pinonaldehyde (**1**), β-caryophyllene aldehyde (**4**), and β-nocaryophyllone aldehyde (**5**), solutions (2 mg mL^--1^) of each compound in D~2~O were prepared and monitored by ^1^H and ^13^C NMR spectroscopy for 72 h. The presence of the hydrate in D~2~O was observed for all three aldehyde oxidation products by ^1^H and ^13^C NMR spectroscopic data collected after only 10 min ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A; hydrates **10**, **11**, and **12** were formed from aldehydes **1**, **4**, and **5**, respectively). Hydrate formation resulted in a mixture containing approximately 55% hydrate and 45% aldehyde for both pinonaldehyde (**1**) and β-nocaryophyllone aldehyde (**5**) in D~2~O ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The ratio of aldehyde-to-hydrate did not change any further over the course of days, revealing that an aldehyde--hydrate equilibrium is rapidly reached before 10 min for these compounds. In addition, the ratio of aldehyde-to-hydrate did not change with the addition of ammonium sulfate (100 mM in D~2~O) over 72 h. Note that the solubility of β-caryophyllene aldehyde (**4**) in D~2~O was insufficient for accurate quantification of an aldehyde--hydrate ratio, and therefore hydrate formation from this compound was only qualitatively observed.

![(A) In aqueous solution, aldehydes **1**, **4**, and **5** exist in equilibrium with their hydrate forms **10**, **11**, and **12**, respectively. (B) ^1^H NMR spectroscopic data taken in D~2~O reveals an aldehyde--hydrate mixture containing approximately 55% of the hydrate form for both pinonaldehyde (**1**, **10**) and β-nocaryophyllone aldehyde (**5**, **12**). The shown spectra are for pinonaldehyde (**1**, **10**). Note that the sparing solubility of β-caryophyllene aldehyde (**4**) in D~2~O resulted in poor signal-to-noise in the NMR spectra, and hydrate formation (i.e., **11**) from this compound was only qualitatively observed.](oc-2017-00112q_0002){#fig2}

Dynamic Interfacial Tension Measurements {#sec2.2}
----------------------------------------

The surface tension of suspended droplets was measured using pendant drop tensiometry (PDT) over the course of 10 min for solutions of varying concentrations (0--30 mM) in either deionized H~2~O or 1.0 M ammonium sulfate solution. Similar equilibration times have been reported for dynamic surface tension studies of PM10 size fraction of aerosol particles collected in an urban setting.^[@ref24]^ Concentrations of α-pinene-derived compounds in water solutions ranged from 0 to 30 mM for pinonic acid (**2**) and pinic acid (**3**) and from 0 to 10 mM for pinonaldehyde (**1**) due to insolubility above 10 mM. All β-caryophyllene oxidation products (i.e., compounds **4**--**9**) were insoluble above 1 mM, and therefore 0--1 mM concentrations were measured for these compounds. Solutions in 1.0 M ammonium sulfate were prepared using the same solute concentrations as those measured in water. Concentrations that could not be measured due to compound insolubility in 1.0 M ammonium sulfate are noted where applicable. With the exception of pinonic acid,^[@ref16],[@ref21],[@ref62]^ we report unprecedented dynamic surface tension experiments for the presented series of compounds.

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the interfacial tension (σ) is plotted as a function of solute concentration on a logarithmic scale for suspended drops of solutions containing the synthesized four-membered ring oxidation products derived from α-pinene and β-caryophyllene in deionized water and 1.0 M ammonium sulfate, and the data are fitted to the Szyszkowski--Langmuir equation.^[@ref14],[@ref63]−[@ref65]^ Below we present the observations of droplets formed using water and ammonium sulfate for the α-pinene oxidation products, and then discuss our findings for the β-caryophyllene oxidation products.

![Comparison of interfacial tension (σ) as a function of solute concentration and Szyszkowski--Langmuir fitted curves for α-pinene- and β-caryophyllene-derived oxidation products in water (A) and 1.0 M ammonium sulfate (B): pinonaldehyde (**1**), pinonic acid (**2**), pinic acid (**3**), β-caryophyllene aldehyde (**4**), β-nocaryophyllone aldehyde (**5**), β-caryophyllonic acid (**6**), β-nocaryophyllonic acid (**7**), β-caryophyllinic acid (**8**), and β-nocaryophyllinic acid (**9**). All error values range from 0.06 to 0.69 mN m^--1^.](oc-2017-00112q_0003){#fig3}

The surface tension measurements for the α-pinene-derived oxidation products in water reveal that pinonaldehyde (**1**) is the most surface active of the three compounds measured, reaching a 20% decrease relative to the interfacial tension of water at the highest measured concentration (10 mM) after 10 min ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)). The surface tension depression caused by pinonaldehyde (**1**) at 10 mM in water is comparable to that exhibited by pinonic acid (**2**) and pinic acid (**3**) present at three times that concentration in water ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The substantially higher surface tension depression of pinonaldehyde (**1**) relative to pinonic acid (**2**) and pinic acid (**3**) highlights a considerable dependence of surface activity on structural functionality, as pinonic acid (**2**) and pinic acid (**3**) bear highly polar carboxylic acid moieties while pinonaldehyde (**1**) exists as an aldehyde--hydrate mixture with **10** in the aqueous droplets measured ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

As reported previously, the surface tension of the droplets is raised by approximately 3% upon addition of 1.0 M ammonium sulfate in water.^[@ref11]^ The results obtained for the α-pinene-derived oxidation products in 1.0 M ammonium sulfate ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B) show that pinonaldehyde (**1**) and pinonic acid (**2**) exhibit enhanced surface activity likely caused by a "salting out" effect in the presence of ammonium sulfate, which increases the solute concentration at the droplet surface due to decreased solubility with the addition of inorganic salt.^[@ref11]^ The influence of "salting out" effects on surface activity of organic species may have a significant influence on the overall surface tension of atmospheric aerosols, as a substantial portion of the aerosol bulk contains inorganic salts such as (NH~4~)~2~SO~4~.^[@ref66]−[@ref68]^ For example, 1 mM solutions of pinonaldehyde (**1**) and pinonic acid (**2**) in 1.0 M ammonium sulfate each resulted in respective surface tension decreases of 8% and 6% compared to 5% and 2%, respectively, at the same concentration in water after 10 min, while a slight decrease in the surface activity of pinic acid (**3**) was observed at 1 mM in 1.0 M ammonium sulfate compared to in water ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)). Slight enhancement of the surface tension lowering effects was only observed at the higher concentrations measured for pinic acid (**3**) in the presence of 1.0 M ammonium sulfate.

Turning to the β-caryophyllene oxidation products, we reemphasize that surface tension was measured between 0.01 mM and 1 mM due to their low solubility in water at concentrations above 1 mM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Of the six β-caryophyllene oxidation products, β-caryophyllene aldehyde (**4**) was found to exhibit the highest surface activity in water solutions at all concentrations measured, resulting in an overall 37% decrease at 1 mM compared to the interfacial tension of water ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)), the greatest surface tension depression we have observed for all oxidation products we have studied to date.^[@ref11]^ Unexpectedly, β-nocaryophyllone aldehyde (**5**) exhibited the least surface activity of all six derivatives. This result for nocaryophyllone aldehyde (**5**) is potentially attributed to an interdependent decrease in surface activity and increase in solubility, which may be modulated by the existence of a hydrate--aldehyde mixture containing 55% of the hydrate (i.e., **12**) in water rather than pure aldehyde content ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The hydrate form of β-nocaryophyllone aldehyde is likely to increase its propensity to hydrogen bond with solvent water molecules within the bulk of the droplet, causing lower surface activity than anticipated. In contrast, β-caryophyllene aldehyde (**4**) is substantially more hydrophobic than β-nocaryophyllone aldehyde (**5**), due to the presence of an intact C=C double bond adjacent to the four-membered ring rather than a ketone, and therefore the hydrate form of β-caryophyllene aldehyde (i.e., **11**) is unlikely to enhance its bulk aqueous solubility to the same extent. Of the β-caryophyllene oxidation products containing carboxylic acid functional groups, the most polar of the four compounds, β-nocaryophyllinic acid (**9**), is the least surface active, likely due to its higher solubility in water.

In the presence of 1.0 M ammonium sulfate, all six β-caryophyllene oxidation products exhibited "salting out" effects ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)), which were most pronounced for the oxidation products that retain the exocyclic C=C double bond of β-caryophyllene compared to those bearing a ketone at that same position. For example, the two monoacid β-caryophyllene oxidation products, β-caryophyllonic acid (**6**) and β-nocaryophyllonic acid (**7**), exhibited comparable surface activity at 1 mM in water; however, upon addition of 1.0 M ammonium sulfate, "salting out" effects were much more pronounced for β-caryophyllonic acid (**6**) than for β-nocaryophyllonic acid (**7**).

Comparing the surface activity of all compounds studied at 1 mM concentration, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} highlights that the β-caryophyllene oxidation products are significantly more surface active than the measured α-pinene-derived oxidation products. The stark difference emphasizes that the surface depression behavior exhibited by the monoterpene (C~10~) and sesquiterpene (C~15~) ozone-mediated oxidation products studied here depends on carbon chain length and degree of oxidation. Yet, even the two least surface active compounds studied here, pinonic acid (**2**) and pinic acid (**3**), still exhibit larger surface tension depression than α-IEPOX, the most surface active of the IEPOX and tetraol oxidation products derived from isoprene.^[@ref11]^

![Dynamic surface tension measurements comparing 1 mM solutions in water (**A**) and 1.0 M ammonium sulfate (**B**) for all compounds in this study: pinonaldehyde (**1**), pinonic acid (**2**), pinic acid (**3**), β-caryophyllene aldehyde (**4**), β-nocaryophyllone aldehyde (**5**), β-caryophyllonic acid (**6**), β-nocaryophyllonic acid (**7**), β-caryophyllinic acid (**8**), and β-nocaryophyllinic acid (**9**). β-Caryophyllene aldehyde (**4**) and β-caryophyllonic acid (**6**) were insoluble at 1 mM in 1.0 M ammonium sulfate and therefore are not shown.](oc-2017-00112q_0004){#fig4}

Kinetics of Interfacial Tension and Equilibration Time Scales {#sec2.3}
-------------------------------------------------------------

The values of dynamic surface tension σ(*t*) are time dependent. Curves of σ(*t*) presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} can be typically divided into three kinetic regions: (I) rapid fall region where σ rapidly decreases from the value of pure water (72.8 mN m^--1^) to σ~0~ within the initial time step of the measurement; (II) meso-equilibrium region, in which σ(*t*) slowly decreases with a characteristic time scale of *t*~m~; and (III) equilibrium region where the minimum value σ~m~ is reached. This time-dependent curve can be described by the following equation:^[@ref24],[@ref69]^where σ~0~, σ~m~, *t*~m~, and *n* are fitting parameters. The optimized values of these parameters are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf) for the obtained σ(*t*) data set.

For most of the compounds studied, a significant depression in surface tension was achieved in the rapid fall region, as indicated by the lower values of σ~0~ than that of pure water ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)). This surface tension depression can be treated as instantaneous in any aerosol and cloud process in the atmosphere. Further decrease of σ(*t*) occurred in the meso-equilibrium region, with a characteristic time *t*~m~ of equilibration that ranged from 10 to 1000 s ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)). At *t*~m~, σ(*t*~m~) = (σ~0~*+ σ*~m~)/2, meaning that equilibration was not yet reached. The final equilibration time was about twice of *t*~m~ (*t*~eq~ = 2*t*~m~).^[@ref24]^ Note that these time scales were measured for aqueous pendant droplets with diameters of 1.9--2.1 mm in the PDT laboratory experiments. These droplets were therefore much larger than typically sized aerosol and cloud droplets in the atmosphere. To estimate the surface tension effect for cloud activation, we calculated the equilibration time scale for a 1 μm droplet using the following equation:where *D*~drop~ represents the average diameter of droplets used in the laboratory experiments ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)). The droplet diameter of 1 μm is a typical size of activated aerosol particles. As reference, a particle with a 200 nm dry diameter has an activation diameter of 1.07 μm, assuming a hygroscopic parameter κ of 0.1 and a surface tension equal to that of pure water. The calculated equilibration time scales for 1 μm droplets were on the order of 10^--5^ to 10^--4^ s ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)). These results indicate that the surface tension depression observed in the laboratory experiments can occur instantaneously in the cloud activation processes both in online instruments and in the atmosphere, given that the surfactant concentrations are similar to those measured in the laboratory.

Nozière and co-workers suggested that the equilibration time scale can steeply increase with a decreasing surfactant concentration.^[@ref24]^ Ambient particles having a low concentration of strong surfactant might exhibit delayed equilibrium. In the present study, we do not intend to extrapolate the results to a lower concentration because this extrapolation may have a large uncertainty.

Calculation of Cloud Activation Potential {#sec2.4}
-----------------------------------------

Cloud droplet formation via water vapor condensation onto SOA particles is known to be heavily influenced by concentration-dependent surface tension depression effects caused by surface active species, which can reduce the critical supersaturation at the moment of cloud droplet activation.^[@ref14]^ As described in our previous study^[@ref11]^ and by the McNeill laboratory,^[@ref14],[@ref66]^ the critical supersaturation ratio (*s*~c~^\*^/*s*~c~) for cloud activation can be determined using Köhler theory^[@ref14],[@ref70]^ from the equilibrium surface tension of a given solute concentration in water (*σ*) and the surface tension of water (*σ*~w~) (72.8 mN m^--1^),^[@ref71]^ and is expressed as follows:[Equation [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} assumes that the effect of surface-active organic species on equilibrium CCN activity is based purely on surface tension if the bulk solute concentration remains constant.^[@ref66]^ We note, however, that the critical supersaturation ratio calculated by [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} neglects the effect of surfactant partitioning on the Raoult effect,^[@ref72],[@ref73]^ which may potentially increase the critical supersaturation ratio for small particles by reducing the bulk solute concentration and therefore partially counteract the effect of surface tension depression. However, as noted by Sareen and co-workers previously, under heterogeneous SOA formation conditions the bulk solute composition of the particle is expected to be dominated by salt, and this solute content is expected to remain constant if gas-phase species are continuously taken up at the aerosol surface as they partition to the particle phase.^[@ref66]^ Therefore, we make the assumption that the effect of organic species on equilibrium CCN activity is purely surface tension based in the present study. From the equilibrium surface tension (calculated as the average of the final 20 values of 3--5 10 min acquisitions) ([Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)), *s*~c~^\*^/*s*~c~ was calculated at all concentrations measured for each compound in both water and 1.0 M ammonium sulfate ([Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"}). The equilibrium results were reported herein because such equilibrium can be reached instantaneously in a typically sized particle at activation point (see above). The concentrations of 0.01 to 30 mM are relevant to the total surfactant concentrations in ambient conditions.^[@ref74]^ As an estimate, a particle composed of 20% to 100% mass fraction of secondary organic material has a total organic concentration of 1--10 M at dry condition. The hygroscopic growth of a particle from dry to cloud activation corresponds to a volume dilution factor of 20 to 1000. The activated particle thus has a total organic concentration of 1 to 500 mM, and the concentration of an individual compound can be much lower. Even so, the studied individual compounds can serve as representatives of a broad spectrum of monomeric carboxylic acids and aldehydes produced from the ozonolysis of α-pinene and β-caryophyllene precursors, and the total concentrations can be sufficiently high, thus having a significant effect on cloud activation. Similar calculations indicate that a typically sized ammonium sulfate particle (30--500 nm dry diameter) has an ammonium sulfate concentration of 1 to 100 mM. The effect of adding 1.0 M ammonium sulfate observed in the present study can thus serve as an upper limit estimate for the presence of salts in organic particles.

###### Supersaturation Ratios (*s*~c~^\*^/*s*~c~) for α-Pinene-Derived Oxidation Products at 0--30 mM in Water and 1.0 M Ammonium Sulfate (Values in Parentheses)[a](#tbl1-fn1){ref-type="table-fn"}

![](oc-2017-00112q_0006){#fx1}

Asterisk (\*) notes that value was not obtained due to insolubility at the indicated concentration. Note: Pinonaldehyde (**1**) exists in equilibrium with its hydrate form as described in the text.

###### Supersaturation Ratios (*s*~c~^\*^/*s*~c~) for β-Caryophyllene-Derived Oxidation Products at 0--1 mM in Water and 1.0 M Ammonium Sulfate (Values in Parentheses)[a](#tbl2-fn1){ref-type="table-fn"}

![](oc-2017-00112q_0007){#fx2}

Asterisk (\*) notes that value was not obtained due to insolubility at the indicated concentration. Note: Aldehyde containing compounds **4** and **5** exist in equilibrium with hydrate forms as described in the text.

We previously reported an *s*~c~^\*^/*s*~c~ of 0.90 (10% decrease) for 10 mM *trans*-β-IEPOX in water.^[@ref11]^ As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, a comparable *s*~c~^\*^/*s*~c~ value of 0.93 was calculated for pinonaldehyde (**1**) in water at 1 mM. Additionally, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows a similar *s*~c~^\*^/*s*~c~ value of 0.92 for β-caryophyllene aldehyde (**4**) at a concentration of 0.01 mM in water, which is 1000 times lower than the concentration producing a comparable supersaturation ratio (10 mM) for *trans*-β-IEPOX in water.^[@ref11]^ Of all the oxidation products we have studied to date, β-caryophyllene aldehyde (**4**) was shown to decrease *s*~c~^\*^/*s*~c~ by the largest extent (50% in water), highlighting the highly amphiphilic and surfactant-like nature of this compound as well as the other monomeric sesquiterpene oxidation products studied relative to monomeric oxidation products derived from α-pinene and isoprene.

Atmospheric Implications {#sec2.5}
------------------------

According to the 2013 Intergovernmental Panel on Climate Change Report,^[@ref6]^ atmospheric aerosol--cloud interactions remain among the least understood of processes within the climate system. Investigation of sesquiterpenes in the context of SOA--cloud interactions has been particularly rare, in part due to experimental shortcomings related to measuring SOA cloud activation properties coupled with the characteristic complexity and sparse level of chemical understanding regarding sesquiterpenes and their oxidation products compared to other SOA precursors. Comparison of CCN activity of sesquiterpene- and monoterpene-derived SOA samples using cloud condensation nuclei counters (CCNC) has demonstrated that CCN activity of SOA from β-caryophyllene and other sesquiterpenes is lower than that of monoterpene SOA as quantified by CCNC detection.^[@ref71],[@ref75],[@ref76]^ However, CCN activity of β-caryophyllene SOA, for example, was reported to be greater when measured using a static diffusion (SD) CCNC than when measured with a continuous flow (CF) CCNC, highlighting a possibility for measurement variability by CCNC detection.^[@ref52],[@ref75]^ Additionally, β-caryophyllene contributions to secondary organic CCN were revisited by Asa-Awuku and co-workers in 2012,^[@ref77]^ who measured higher CCN activity and hygroscopicity than reported previously and concluded that β-caryophyllene-derived SOA formed in the presence of ozone may be a potentially important source of biogenic CCN.^[@ref75]−[@ref77]^ CCN activity experiments performed using cloud condensation nucleus counters (CCNC) and related hygroscopicity tandem differential mobility analyzers (HTDMA) indirectly quantify CCN activity by measuring population or growth of nucleated droplets rather than Raoult's term and surface tension, which are key parameters related to cloud activation outlined by Köhler theory.^[@ref14],[@ref24],[@ref70]^ Additionally, HTDMA and CCNC instruments typically collect measurements in a time regime on the order of seconds to minutes. In their 2014 publication, Nozière and co-workers suggested that bulk-to-surface partitioning of low-concentration surface-active organic compounds may reach equilibrium beyond time scales detectable by these instruments.^[@ref24]^ The experimental results and calculations in the present study, however, suggest that such a delayed equilibrium might be less important for abundant oxidation products at conditions relevant to cloud activation. Nevertheless, Nozière and co-workers highlighted the importance of using bulk surface tension studies of SOA samples as an alternative approach to CCNC and HTDMA experiments to gain a more comprehensive understanding of the role of surface active organics in SOA particle CCN activity.^[@ref24]^ Our findings improve upon the growing insight obtained from surface tension studies related to atmospheric aerosol by providing molecule-specific insight into the aqueous surface tension depression induced by pure standards of oxidation products relevant to terpene-derived SOA material.

Oxidation of α-pinene and β-caryophyllene in the atmosphere generates a plethora of products of different molecular weight and containing diverse sets of functional groups that impact their surface activities. In order to deconvolute the complexity associated with analyzing this mixture, we focused on several abundant monomeric acid- and aldehyde-containing ozonolysis products. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, molecular properties such as the surface area per molecule adsorbed at the air/water interface of the pendant drop correlate seemingly well with the free energy of adsorption (both parameters were obtained from the Szyszkowski--Langmuir equation as outlined in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00112/suppl_file/oc7b00112_si_001.pdf)), at least for the β-caryophyllene oxidation product series examined here. Moreover, our analysis indicates that, for the β-caryophyllene oxidation products, free energies of adsorption larger than ∼25 kJ/mol (just one hydrogen bond equivalent) coincide with considerable reductions in supersaturation ratios, depending on ammonium sulfate and oxidation product concentration in solution.

![(A) Area per molecule adsorbed at the air/water interface of pendant drops as a function of the free energy of adsorption obtained from the Szyszkowski--Langmuir equation. Results are for solutions in water (empty symbols) and 1.0 M ammonium sulfate (filled symbols) for the α-pinene (squares) and the β-caryophyllene (circles) series: Pinonaldehyde (**1**), pinonic acid (**2**), pinic acid (**3**), β-caryophyllene aldehyde (**4**), β-nocaryophyllone aldehyde (**5**), β-caryophyllonic acid (**6**), β-nocaryophyllonic acid (**7**), β-caryophyllinic acid (**8**), and β-nocaryophyllinic acid (**9**). (B) Supersaturation ratio as a function of free energy of adsorption of the β-caryophyllene series studied here. Results are for solutions in water (empty symbols) and 1.0 M ammonium sulfate (filled symbols) for concentrations of 0.01 (circles), 0.1 (triangles), and 0.2 (squares) mmol/L. β-Caryophyllene aldehyde (**4**) and β-caryophyllonic acid (**6**) were insoluble at 1 mM in 1.0 M ammonium sulfate and therefore are not shown.](oc-2017-00112q_0005){#fig5}

We expect that molecular-level measurements such as the ones presented here will be useful for developing structure--function relationships across atmospheric organic species and serve as benchmarks for future studies that could involve recently developed complementary surface tension measurements in more atmospherically transferable droplet-size regimes^[@ref78],[@ref79]^ as well as other surface-specific climate-relevant aerosol techniques.^[@ref80]−[@ref82]^

Ultimately, given the inherent complexity of studying the surface tension of SOA-related systems in the context of cloud droplet condensation, we take the specific approach of cataloging the relative surface tension depression exhibited by individual α-pinene and β-caryophyllene oxidation products in order to gain chemical insight into the correlation between surface activity and molecular structure and reactivity. Among the series of compounds studied, β-caryophyllene aldehyde (**4**) shows significant cloud activation potentials, indicating that it might play a substantial role in the atmosphere. Our investigations also reveal that aqueous solutions of terpene oxidation products containing aldehyde functional groups exist in equilibrium with hydrated forms, which may modulate their bulk solubility and surface activity. Overall, our findings highlight substantial differences in surface tension to consider for this given series of monomeric terpene-derived ozonolysis products, and the data obtained in this study should prove valuable for chemical comparison to laboratory and field CCN studies.

Conclusions {#sec3}
===========

In summary, we present dynamic surface tension measurements of synthetically prepared homogeneous oxidation products derived from α-pinene and β-caryophyllene and provide calculated equilibration time scales and supersaturation ratios of relevance to predicting CCN activity. Equilibration time scales calculated for a 1 μm aerosol particle provide an estimate of the surface tension depression effect on cloud activation for typically sized atmospheric particles. The results of these experiments also demonstrate that the oxidation products derived from β-caryophyllene exhibit significantly greater surface tension depression behavior, and, consequently, cloud activation potentials, than those prepared from α-pinene. β-Caryophyllene aldehyde (**4**) was found to be the most surface active of all compounds we have studied to date, with a calculated supersaturation ratio of 50% at 1 mM concentration, and 8% at 10 μM concentration. We also revealed that hydrate formation from oxidation products containing aldehydes was rapid, leading to approximately equal mixtures of the aldehyde and hydrate forms within aqueous solutions of the compounds investigated. Our findings provide specific molecular-level understanding of the relative surface tension effects exhibited by α-pinene and β-caryophyllene oxidation products toward investigating their role as surface-active organic compounds in SOA--cloud interactions.
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